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Introduction
[bookmark: OLE_LINK12]In RAN1 NR AH#3 [1] and RAN1 #90b [2] meetings, several working assumptions were agreed regarding PBCH:
Agreements:
· The 1st PBCH scrambling is a Gold sequence initialized by cell ID. The 2nd and 3rd LSBs of SFN are used for determining a sequential non-overlapping portion of the sequence.
· Generate a Gold sequence of length 4M where M is the number of bits to be scrambled
· Partition the generated sequence into 4 non-overlapping portions
· The 2nd and 3rd LSBs uniquely identify indices of each of the non-overlapping portion of the sequence
[image: ]
[image: ]
Agreements:
· (working assumption) NR-PBCH has a payload size of 56 bits (including CRC)
· 10-bit SFN is carried by NR-PBCH
· (working assumption) 4-bit PRB grid offset is carried by NR-PBCH
Agreements:
· One-bit half frame indication is part of PBCH payload, and when CSI-RS for measurement has a periodicity of 20ms or larger, the UE assumes the network is “synchronous” for the purpose of measurement
· For 3GHz and below, half frame indication is further implicitly signaled as part of PBCH DMRS for max L=4
Agreements:
· (working assumption) For PBCH 1st scrambling initialization, clarify that C_init = N^cell_ID
Agreements:
· For PBCH 2nd scrambling initialization:
· initialization based on both cell ID and 3 LSB of SS/PBCH block index
Agreements:
· The 2nd PBCH scrambling is a Gold sequence initialized by cell ID. 
· C_init = [NCell_ID]
· The X LSB bits of SS block index are used to determine a sequential non-overlapping portion of the sequence.
· Generate a Gold sequence of length (2^X)*M where M is the number of bits to be scrambled
· Partition the generated sequence into 2^X non-overlapping portions
· X LSB bits of SS block index uniquely identify indices of each of the non-overlapping portion of the sequence
· X = 2 for max L=4, i.e., 1st and 2nd LSB bits of SS block index.
· X = 3 for max L=8 or 64, i.e., 1st, 2nd and 3rd LSB bits of SS block index
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Agreement from RAN1#89:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
Clarification of the above agreement: 
· Reuse Polar code design of PDCCH, i.e., 24-bit D-CRC with the associated interleaver.
Agreement: 
· Working assumption from RAN1#89 is confirmed, that the data, including time index if carried by NR-PBCH, is transmitted explicitly	
Next steps: 
Study further until RAN1#91 the order of the PBCH fields, considering whether one or more PBCH fields that have known bit values in certain scenarios are placed in a specific order to enable potentially improved PBCH decoder performance/latency (with the CRC being calculated based on the order of the payload after this ordering)
· Examples of field(s) to be considered in particular include:
· SS block time index;
· SFN bits (e.g. for handover cases when the SFN is known a priori);
· reserved bits
Note that backward compatibility problems in future releases should be avoided. 
In [3], a nested Polar subcode was proposed where the 3 MSB of SS block index, half frame indication is suggested to be placed ahead. When doing soft combing, UE cannot make any hypothesis of 3 MSB of the SS block index and UE can only use the first CRC bit which is placed on the 18th information channel to check the result. In other words, this scheme is helpful only for combining several blocks with different 3 MSB of the SS block index. However, such kind of soft combining is not necessary due to the period of SS block is 20ms. In [4], the reserved bits are suggested to be placed ahead to reduce the complexity of decoding. But the reserved bits are only 4 bits or so, and likely used in future release, i.e. the backward compatibility problems couldn’t be avoided.
In this contribution, we discuss the details of the coding scheme of PBCH.
Coding design for PBCH
The procedure at transmitter
Base on all the agreements mentioned above, the coding chain of PBCH is shown as the following.
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[bookmark: OLE_LINK21]Figure 1 the coding chain of PBCH at transmitter
As shown in above Figure 1, a part of MIB which is not relevant to LSB of SFN should be scrambled (i.e. the 1st PBCH scrambling) firstly. And the scramble code is determined by the 2nd and 3rd LSB of SFN. Before modulation, the coded bits are scrambled (i.e. the 2nd PBCH scrambling) with a Gold sequence which is determined by 3 LSB of SS block. 
Since PBCH reuse the Polar code for PDCCH (i.e., D-CRC Polar), the post CRC attachment of PBCH content are interleaved, as well as the timing information like SFN(s9,s8,...,s0), half frame indication(c0), and 3 MSB of SS block index which is included in PBCH content. During Polar encoding, the 56 interleaved bits are mapped to the 56 most reliable bit channels in the natural order of the bit channels. 
While at the receiver, the bit channel with small index is always decoded first with SC decoding. With the agreed D-CRC interleaver design, the first 17 decoded bits can be checked only after the first CRC bit which is placed on the 18th information channel is decoded. Similarly, UE has to wait for all the information bits are decoded before de-interleaving. Therefore, the LSB of SFN cannot be obtained first which is required to de-scrambling. 
From this perspective, it’s better to be able to decode and obtain the LSB of SFN first. This can be achieved by an additional interleaving before CRC attachment as shown in Figure 2.
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[bookmark: OLE_LINK20]Figure 2. proposed coding chain of PBCH at transmitter
The interleaving pattern of the pre-interleaving can be calculated as following:
Step1: based on the length of information bits K (w/o CRC) and the agreed D-CRC interleaver pattern, obtain the interleaving pattern (denoted by I) before Polar encoding;
Step2: remove the elements bigger than K-1, the resulting sequence denoted by  I_inv (which also can be used as the pattern of pre-interleaving);
Step3: calculate the inverse of I_inv: sort the sequence of  I_inv in increasing order, and denote the arrangement of the elements of  I_inv with I’.
Take K = 32 as an example, the pattern of used before Polar encoding I is <0, 2, 3, 5, 7, 10, 11, 12, 14, 15, 18, 19, 21, 24, 26, 30, 31, 32, 1, 4, 6, 8, 13, 16, 20, 22, 25, 27, 33, 9, 17, 23, 28, 34, 29, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55>.
Let bit sequence of MIB is M0 = m0, m1, ..., m31, the post CRC of  MIB is A = a0, a1, ..., a55, the output of the interleaver with I is B = b0, b1, ..., b55. Then B (i) = A(I(i)), i is from 0 to 55.
Remove the elements bigger than 31 from I, resulting the sequence I_inv: <0, 2, 3, 5, 7, 10, 11, 12, 14, 15, 18, 19, 21, 24, 26, 30, 31, 1, 4, 6, 8, 13, 16, 20, 22, 25, 27, 9, 17, 23, 28, 29 >.
Calculate the inverse of I_inv, the result is I’: <0, 17, 1, 2, 18, 3, 19, 4, 20, 27, 5, 6, 7, 21, 8, 9, 22, 28, 10, 11, 23, 12, 24, 29, 13, 25, 14, 26, 30, 31, 15, 16>.
Let M1 be the sequence of M0 after interleaved with I’, then M1(i) = M0(I’(i)), i is from 0 to 31.
Because the CRC bits in pattern I is in increasing order, it is equal to insert to the MIB sequence orderly. If there were a pre-interleaving before CRC encoding, the receiver has no need to do de-interleaving.
[bookmark: OLE_LINK2]For PBCH, the pre-interleaving pattern is [0, 17, 1, 2, 18, 3, 19, 4, 20, 27, 5, 6, 7, 21, 8, 9, 22, 28, 10, 11, 23,12, 24, 29, 13, 25, 14, 26, 30, 31, 15, 16].
[bookmark: OLE_LINK19][bookmark: OLE_LINK10][bookmark: OLE_LINK4]Proposal 1: An additional pre-interleaver is needed before CRC attachment for PBCH.
The procedure at receiver
If the proposed pre-interleaving is used before CRC attachment, the procedure of receiver is shown in Figure 3.
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Figure 3.PBCH procedure of receiver
[bookmark: OLE_LINK3][bookmark: OLE_LINK1][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK15]The number of SS-blocks are different for different frequency band. For frequency range up to 3GHz, L is 4. The SS-block index and half frame indication can be known from the DMRS sequences directly. For frequency range from 3GHz to 6GHz, L is 8. The SS-block index can be known from the DMRS sequences directly, while the half frame indication cannot be obtained directly. For frequency range from 6 GHz to 52.6GHz, L is 64. All the time sensitive bits (s9, s8, ..., s0, c0, b5b4b3) are PBCH payload and only the least significant three bits of SS block can be get from the DMRS sequences. 
Based on the analysis above, SS block index and the half frame indication can be regarded as known bits for UE when the frequency band is below 3GHz. If they were placed in the first 3 or 4 bits, the code rate could be slightly reduced. But for above 6GHz frequency, UE has to decode the PBCH signal to get MIB.
In bad channel condition, UE can do soft combining to get MIB. But UE has to try many hypothesis based on the interval of the blocks to be combined. Take 2 blocks with period of 20ms as an example, there are 6 possible hypotheses for 3 LSB of SFN, as shown in Table 1.
Table 1
	[bookmark: OLE_LINK5]Hypothesis of 2 block with 20ms period
	3 LSB of SFN combinations of 2 PBCH blocks
	Hypothesis test of 3 LSB of  SFN

	1
	000, 010
	010

	2
	001, 011
	010

	3
	010, 100
	110

	4
	011, 101
	110

	5
	100, 110
	010

	6
	101, 111
	010


[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK24][bookmark: OLE_LINK11]From Table 1 we can see, UE need to try at most 3 times for the 2nd LSB and the 3rd LSB of SFN. UE uses hypothesis of “110” to flip flop the 3 LSB of the first block or the second block, and use the second segmentation of the Gold sequence to descramble the first block and the third segmentation of the Gold sequence to descramble the second block. Or UE use hypothesis of “010” to flip flop the 3 LSB of the first block or the second block, and use the first segmentation of the Gold sequence to descramble the first block and the second segmentation of the Gold sequence to descramble the second block. Or UE use hypothesis of “010” to flip flop the 3 LSB of the first block or the second block, and use the third segmentation of the Gold sequence to descramble the first block and the fourth segmentation of the Gold sequence to descramble the second block.
When decoding the combined 2 blocks, if UE could know the decoded 2nd LSB and 3rd LSB of SFN firstly, then if the results are wrong, UE can terminate the decoding earlier and try the next hypothesis. There is no need to wait for all the 18 bits or even 56 bits to be decoded. Therefore at least the 3rd LSB and the 2nd LSB of SFN should be placed in the initial position of MIB.
For bit channel i, the calculation complexity is (i+1)*log2(N), N is the smallest positive integer that satisfy N≥log2(i). If the 3rd and 2nd LSB of SFN is in the first 4 information bit channel (247, 253, 254, 255), then the calculation complexity is (i+1)*log2(256)=(i+1)*8, or the complexity is (j+1)*log2(512), where j is one of the remaining information bit channels. It can be seen that the complexity is increased by 9j-8i+1.The bigger the index of j, the bigger of the complexity. 
[bookmark: _GoBack]In most situations, UE can combine the blocks within cross SFN with the same SS block index. If the 2 blocks to be combined with different SS block index, there will be more hypothesis for 3 MSB of SS block index (b5,b4,b3). So the 3 MSB of SS block should be placed ahead too.
[bookmark: OLE_LINK22]Observation 1: The timing information especially the 3rd and 2nd LSB of SFN is helpful for early termination.
[bookmark: OLE_LINK13][bookmark: OLE_LINK23]Proposal 2: At least the third least significant bit and the second least significant bit of SFN, i.e. (s2, s1) should be the first two bits of PBCH content, and they should be mapped to the bit channel of index (247, 253) .

[bookmark: OLE_LINK14]Conclusion
In this contribution, we discuss the coding of PBCH. The observation and proposals are the following:
Proposal 1: An additional interleaver is needed before CRC attachment for PBCH.
Observation 1: The timing information especially the 3rd and 2nd LSB of SFN is helpful for early termination.
Proposal 2: At least the third least significant bit and the second significant bit of SFN, i.e. (s2, s1) should be the first two bits of PBCH content, and they should be mapped to the bit channel of index (247, 253).
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